advanced plaque in the coronary and carotid arteries. This finding holds in people with low total burden of atherosclerosis, decades before the development of clinical CVD.
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Intercellular adhesion molecule 1 (ICAM-1) 9 is an endothelial adhesion molecule that stimulates leukocyte adhesion and transmigration into the vascular subendothelial space (1 ) . This activity is a key step in progression from early to more advanced atheroma (2 ) . Circulating soluble ICAM-1 (sICAM-1) is the result of cleavage of membrane-bound ICAM-1. Its concentration in serum/plasma has been associated with cardiovascular disease (CVD) in prospective epidemiologic studies, including the Women's Health Study (3 ) , Atherosclerosis Risk in Communities (ARIC) Study (4 ) , Physicians Health Study (5 ) , and the British Regional Heart Study (6 ) of mature adults.
However, whether increases in serum sICAM-1 concentration early in life are associated with subclinical cardiovascular disease is not well established. Establishing these associations is important to understand whether sICAM-1 is associated with early development of atherosclerosis, as opposed to such increases promoting the development of cardiovascular disease only at a late stage. Several studies have examined the relationship between sICAM-1 and subclinical atherosclerosis. These studies found mixed results. In a random sample of Multinational Monitoring of Trends and Determinants in Cardiovascular Disease (MONICA) participants (7 ), sICAM-1 was independently associated with the risk of having carotid atherosclerotic plaque, but not with carotid intima-media thickness (IMT). This pattern of association of sICAM-1 with plaque but not with IMT was replicated in a population-based French sample with low cardiovascular risk (8 ) . On the other hand, in individuals with CVD, sICAM-1 was associated with both IMT (9, 10 ) and change in IMT (11 ) . In children with hypertension and obesity (12 ) and in familial combined hyperlipidemia pedigrees (13 ) , sICAM-1 was positively correlated with IMT. Additional studies reported that sICAM-1 was positively associated with the presence of coronary artery calcified plaque (CAC), an established measure of subclinical atherosclerosis and CVD events; however, the association was attenuated after adjusting for traditional cardiovascular risk factors (14 -17 ) . Inconsistencies among these associations may reflect differential pathophysiology indicated by the different subclinical markers.
To extend our understanding of the relationship between circulating sICAM-1 and subclinical atherosclerosis, we investigated the relationship of sICAM-1 concentration with CAC, carotid atherosclerotic plaque, and IMT in a healthy, young-adult population, the CARDIA Study. We hypothesized that sICAM-1 is positively associated with atherosclerotic plaque, whether calcified in the coronary arteries or a stenotic lesion of any type in the carotid artery, and also with the greater common carotid IMT (which rarely includes plaque (18 ) ).
Methods

STUDY PARTICIPANTS
This study was part of the Young Adult Longitudinal Study of Antioxidants (YALTA), an ancillary study to Coronary Artery Risk Development in Young Adults (CARDIA). CARDIA tracks the evolution of cardiovascular disease risk beginning at ages 18 -30 years in 1985-86 (19 ) . CARDIA recruited a population-based sample of 5115 black and white men and women in Birmingham, AL; Chicago, IL; Minneapolis, MN; and Oakland, CA; we focus on the reexaminations at years 15 and 20 (retention rates among surviving participants 74% and 72%, respectively). The study was approved by the Institutional Review Board at each participating center, and all participants signed informed consent.
MEASUREMENTS
Demographic and lifestyle information were collected via questionnaire, and measurements were taken of height and weight to calculate body mass index (BMI) in kg/m 2 .
Resting systolic and diastolic blood pressures were measured using averages of the second and third random zero sphygmomanometer measurements. Physical activity was assessed using an interviewer-administered questionnaire which measured the frequency of 13 different exercise activities during the past 12 months (20, 21 ) . The total exercise score was in exercise units (a sum across 13 activities of frequency times intensity; duration of exercise activities was not asked).
Overnight fasting blood samples were collected and processed within 90 min of blood collection and stored at Ϫ70°C. Soluble ICAM-1 concentrations were measured at the Molecular Epidemiology and Biomarker Research Laboratory in the University of Minnesota, using serum samples diluted 1:400-fold from exam year 15. The ELISA assay was performed according to the manufacturer's recommendations (R&D Systems; cat. no. DY720). This assay was not affected by ICAM-1 single nucleotide polymorphism (SNP) rs5491, which occurs primarily in blacks and blocks sICAM-1 detection by some antibodies. The limit of detection was 31.0 pg/mL and the CV was 9.4%. The correlation of 287 pairs of blinded quality control samples was 0.88. Plasma total cholesterol, HDL cholesterol, and triglycerides were measured enzymatically within six weeks of collection at the Northwest Lipid Research Laboratory in the University of Washington (Seattle). HDL cholesterol was determined after precipitation of LDL-containing lipoproteins with dextran sulfate/magnesium chloride. The test-retest correlation, in 448 blind duplicate samples, was 0.98 -0.99 for total cholesterol, HDL cholesterol, and triglycerides. C-reactive protein (CRP) assays of exam year 15 samples were performed with a BNII nephelometer from Dade Behring at the University of Vermont. It has a particle-enhanced immunonephelometric system with a range of 0.175-1100 mg/L, intraassay CVs of 2.3%-4.4%, and interassay CVs of 2.1%-5.7%. We estimated glomerular filtration rate (eGFR) using the Chronic Kidney Disease Epidemiology Collaboration formula (22 ) .
CAC was measured in years 15 and 20 in Oakland and Chicago by electron beam computed tomography (CT) (Imatron, Inc.) and in Birmingham and Minneapolis by multidetector CT (General Electric Lightspeed in Birmingham and Siemens S4ϩ Volume Zoom in Minneapolis) in all willing participants who attended the respective examination. Pregnant women and participants who exceeded the weight restriction for the scanner were ineligible. The CT scanning protocol included a hydroxyapatite calibration phantom to monitor image brightness and noise. The calcium score (also known as the Agatston score) calculated for each artery (left main, left anterior descending, left circumflex, and right coronary arteries) was summed to obtain the total calcium score used in all analyses using US Food and Drug Administration-approved and commercially available software by experienced ana-lysts (Calcium Score, TeraRecon Inc.). The minimum calcified focus was defined as 4 adjacent pixels comprising an area of at least 1.87 mm 2 . Scans were performed in duplicate; discordant scan pairs (both within and between examination years) were adjudicated side-by-side by an experienced radiologist. In those judged falsely positive, the Agatston score was reset to zero or excluded as appropriate.
Carotid artery ultrasound was performed at the year-20 CARDIA examination by trained technicians at each field center with standard procedures by use of GE Logiq 700 and later analyzed at a central reading center (New England Medical Center). The maximum IMT was defined for the common carotid artery and for the bulb/internal carotid artery as the mean of the maximal IMT of the near and far wall on both the left and right sides. Stenosis was assessed as any diminution of the lumen (almost all 1%-25% narrowing) in any arterial segment according to visual examination separately for the left and the right carotid arteries. Stenosis indicates development of sufficient atherosclerotic plaque of any type to result in luminal narrowing (also known as inward remodeling). Any such atherosclerotic plaque was included as part of the wall thickness. Presence or absence of calcium in plaque could not be assessed by the ultrasound method.
STATISTICAL ANALYSIS
The overall outcome variable in this study was subclinical atherosclerosis as measured in carotid and coronary arteries by ultrasound and CT, respectively, structured to reflect 4 stages of atherosclerosis. The first stage was assessed by the level of common carotid artery IMT in the absence of known ongoing advanced atherosclerotic process. Such advanced process would be indicated by any visualizable carotid artery stenosis (which generally occurs in the bulb or internal carotid segment (18 )) or CAC. This earliest stage is assumed to represent slow remodeling. The next stage, considered to be faster remodeling, was assessed by the level of common carotid artery IMT in people who had a known ongoing atherosclerotic process. The third stage, advanced atherosclerotic plaque, was stenosis anywhere in the carotid artery. The fourth stage, plaque organization, was a nonzero Agatston score, indicating calcified plaque. We focused on occurrence of CAC progression as a dichotomy (any incident CAC or in- participants with year-15 serum creatinine Ն2 mg/dL, there were 2587 participants with no missing covariate data and any of the outcome variables measured; these formed the basis for Table 1 . Analysis of common carotid artery IMT (n ϭ 2240) was done stratified on absence or presence of CAC at year 20 or carotid artery stenosis (stages 1 and 2); n ϭ 2432 for occurrence of carotid artery stenosis (stage 3); and n ϭ 2378 for the occurrence of CAC progression (stage 4).
sICAM-1 was modeled both as a continuous variable and in categories. We hypothesized that sICAM-1 concentration is associated with stenosis, CAC progression, and IMT. Because our study population comprised young adults with presumably low sICAM-1 concentrations, it was possible that if there were a threshold effect of sICAM-1 on atherogenesis, such effect would only be observed among participants with the highest sICAM-1 concentrations; therefore, unequal size categories were used to reflect sICAM-1 concentrations that would have different biological importance. Categories were formed by initially creating quintiles, then subdividing the lowest and highest quintiles. Thus, the lowest 2 categories were participants below the 10th percentile and within the 10th-19th percentile; the next 3 categories were quintiles 2-4 (20th-39th percentile, 40th-59th percentile, and 60th-79th percentile); the sixth category comprised participants in the 80th-89th percentile; the seventh category included participants in the 90th-94th percentiles; and the eighth category consisted of participants with sICAM-1 at the 95th percentile or above. Middle categories were grouped for simplicity in Table 1 . Tests for trend were based on continuous sICAM-1.
We used linear regression to model association of sICAM-1 with the common carotid artery IMT, including a product term for the presence or absence of advanced atherosclerotic plaque. We used logistic regression methods to predict dichotomous variables indicating CAC progression and carotid artery stenosis. Two models were considered: minimally adjusted and multivariable adjusted. The minimal model included age, sex, race, and examination center. Further adjustments for year-15 values of years of education, smoking status (never, former, current), physical activity, BMI, waist circumference, blood pressure, antihypertensive medication use, total cholesterol, triglycerides, HDL cholesterol, and cholesterol-lowering medication use were included in the multivariable model.
A sensitivity analysis included CRP and eGFR as explanatory covariates on the theory that the associations observed for sICAM-1 would be partly explainable by inflammation and kidney function. All analyses were performed using SAS Version 9.2 (SAS Institute Inc.). Carotid artery stenosis occurred in 18.4% of participants. Carotid artery stenosis and common segment IMT both increased in a graded fashion across sICAM-1 categories in unadjusted analyses. CAC was present in 10.1% of participants in year 15 (n ϭ 260, median Agatston score 19.3) and in 18.7% at year 20 (n ϭ 449, median Agatston score 24.8, 75th percentile 88). The prevalence of CAC at years 15 and 20 trended upward with increasing sICAM-1 concentrations. As a result, occurrence of CAC progression between years 15 and 20 increased from those below the 10th sICAM-1 percentile (12% of participants) to those above the 95th sICAM-1 percentile (33% of participants), although amount of Agatston score progression was clearly higher only above the 95th sICAM-1 percentile. The strength and direction of the associations with demographic and clinical characteristics were similar for CAC progression to those associations previously reported for year-15 CAC (23 ).
sICAM-1 concentrations were not associated with the carotid artery common segment IMT in adjusted analyses [0.004 mm (95% CI Ϫ0.001 to 0.009 mm) per SD of sICAM-1]. To pursue the model of 4 atherosclerotic stages, we stratified the sample by presence of advanced plaque in either the carotid or the coronary arteries (prevalence in either location: 31.9%). In the fully adjusted model (Fig. 1) , the subgroup with any advanced atherosclerotic plaque showed an increase in common carotid artery IMT of 0.010 mm per SD of sICAM-1 (95% CI 0.003-0.017 mm), whereas the corresponding coefficient in those with no advanced plaque was close to zero (P for interaction between atherosclerosis subgroups ϭ 0.009). Among those with any advanced plaque detected, the mean IMT generally increased above the 40th percentile of sICAM-1 and the increase was substantial above the 95th percentile of IMT. A significant association was found between sICAM-1 concentration and presence of both carotid artery stenosis and CAC progression ( Table 2) . Every SD increase in sICAM-1 was associated in the linear fit model with a fully-adjusted OR for carotid artery stenosis of 1.12 (95% CI 1.01-1.25). Most of this association appeared to be driven by sICAM-1 concentrations above the 95th percentile, which had a fully adjusted odds ratio (OR) of 1.95 (95% CI 1.07-3.58) compared to those below the 10th percentile. In the linear fit model (fully adjusted), every SD increase in sICAM-1 was associated with an OR of 1.16 (95% CI 1.03-1.30) of CAC progression between year 15 and 20. Across categories of sICAM-1, only those above the 95th percentile were significantly associated with occurrence of CAC progression (OR 1.94, 95% CI 1.00 -3.71) compared to those below the 10th percentile. Whereas a threshold model may be visually appealing, some ambiguity is present, in that adding an indicator for being above the 95th percentile to the fully adjusted linear fit model does not yield a statistically significant improvement in the fit for either carotid artery stenosis or CAC progression.
The age-, race-, and sex-adjusted correlations of year-15 CRP and eGFR with sICAM-1 were 0.25 and 0.05, respectively. In a model to study whether inflammation or kidney function mediated the associations with sICAM-1, we found that further adjustment of the models predicting common carotid IMT, carotid artery stenosis, or CAC progression for year-15 CRP concentration and eGFR did not substantively alter the findings (data not shown). There was no interaction between sICAM-1 and CRP on CAC progression, stenosis, or IMT.
Discussion
In a prospective study of healthy blacks and whites, circulating concentrations of sICAM-1 above the 40th percentile were associated significantly and in a graded fashion with common carotid artery IMT in participants with advanced plaque (faster remodeling). This association of a marker of endothelial dysfunction with changes in the arterial intima, which consists primarily of endothelial cells, links sICAM-1 with early events in the atherosclerotic process. Furthermore, higher values of sICAM-1 were associated with carotid artery stenosis (atherosclerosis) and CAC progression (plaque or- Shown are 95% confidence bars and fitted lines. Data fully adjusted for age, sex, race, exam center, and year-15 variables: smoking status, exercise level, BMI, waist circumference, education (years), systolic blood pressure, diastolic blood pressure, antihypertensive medication use, plasma cholesterol, HDL cholesterol, triglycerides, and cholesterol-lowering medication use. ganization). These associations were independent of traditional CVD risk factors and of C-reactive protein. Thus, the study indicates an early (mean age 40) and independent involvement of sICAM-1 in the development of atherosclerosis. Interestingly, no association was found with the slower remodeling of the common carotid artery IMT in participants with neither carotid artery stenosis nor CAC. The pattern of sICAM-1 association with carotid artery stenosis, but not IMT, is consistent with 2 prior studies (7, 8 ) (mean age Ͻ50 years with low risk of cardiovascular disease). Also concordant with our study, the presence of carotid plaque was associated with increased sICAM-1 concentration in healthy 58-year-old men (24 ) . It is notable that the association in the current study occurred in the context of relatively low burdens of advanced plaque, specifically carotid artery stenosis in 18.4% of participants at year 20 and CAC in 18.7%, and total calcium score at year 20 Ͻ88 in 75% of those participants with a nonzero Agatston score. These findings are consistent with a model of early atherosclerosis as described in "Statistical Analysis," wherein CAC and carotid artery stenosis are preceded by an increase in common carotid IMT, particularly in those who display evidence that the atherosclerotic process has already started.
Associations of sICAM-1 with carotid artery IMT may depend on CVD status, since several clinical studies have found such associations in patients with a high risk of CVD. In 30 people who had both hypertension and diabetes (25 ) , increased concentrations of sICAM-1 correlated with high carotid artery IMT. In a sample of hypercholesterolemic individuals, sICAM-1 was associated with an increased carotid artery IMT (26 ) . Thus, these studies found an association of sICAM-1 with subclinical atherosclerosis, which was not found in the low-risk populations described above. The association with IMT may also reflect that participants in these studies were older than in studies of lowrisk populations that did not find an association with IMT. Our findings are in agreement with these studies in the sense that sICAM-1 was associated with common carotid artery IMT only in those participants in whom carotid or coronary artery advanced plaque also was present. An association of sICAM-1 with subclinical CVD is consistent with the biological role of ICAM-1. ICAM-1 is expressed on the surface of endothelial cells in response to tissue damage and inflammation (1 ), and possibly additional environmental factors (27, 28 ) . It facilitates the capture and movement of monocytes and leukocytes into the subendothelial space of blood vessels (1, 29, 30 ) . Uptake of these cells produces an increase in oxidative damage with the formation of oxidized LDL particles and induction of several atherogenic factors, which induce the formation of atherosclerotic plaque (2 ) . The essential nature of ICAM-1 in the pathogenesis of atherosclerosis is indicated by knockout mice (31 ) . Knockout of the ICAM-1 gene prevents the development of atherosclerosis. It should be noted that sICAM-1 is a proteolytic product of ICAM-1 and an indicator of endothelial dysfunction. The sICAM-1 concentrations in blood are a reflection of ICAM-1 expression on the endothelial cell surface and are a good indicator of tissue ICAM-1 concentrations.
Our findings differ from those of a few previous studies in that the strong minimally adjusted association of sICAM-1 with CAC remained significant after adjustment for traditional risk factors and C-reactive protein. The association of sICAM-1 and CAC did not remain significant in fully adjusted models of 4 studies (14 -17 ) . However, these studies were limited by small sample sizes (14, 17 ) and low sICAM-1 assay precision (16 ) . Tang et al. (15 ) studied 2246 white family members in the National Heart, Lung, and Blood Institute Family Heart Study, mean age 55 years. Unadjusted or minimally adjusted associations of sICAM-1 with CAC are concordant with our findings, but we could not identify obvious differences between our study and these other studies that would explain why sICAM-1 remained significant after full adjustment in our study.
It is noteworthy that the increased risk of CAC progression in our study was found largely in those with sICAM-1 concentrations above the 80th percentile, and even more so above the 95th percentile, although our statistical tests could not clearly distinguish a linear from a threshold model. If a threshold model were correct, another factor that induced exceptionally high sICAM-1 could be important. For example, genetic state could be important, since several SNP variants in the ICAM gene have been associated with increased sICAM-1 concentration (14, (32) (33) (34) .
An association between inflammation and expression of sICAM-1 is well established (1, 35-37 ) . The induction of sICAM-1 as part of an inflammatory response has been demonstrated in animal models and clinical studies (30 ) . In many studies of older adults and CVD patients, inflammation may be a primary factor in the regulation of ICAM-1, and associations with sICAM-1 can be attenuated by adjustment for CVD risk factors, such as C-reactive protein. In the current study, however, the association between sICAM-1 and the subclinical measures was not influenced by C-reactive protein concentrations. This lack of influence by C-reactive protein may reflect the young age and relative absence of CVD in this cohort of young healthy adults. Furthermore, it may indicate the importance of sICAM-1 outside the classic inflammatory response that occurs in individuals with high plaque burden before clinical events.
This investigation has several strengths. CARDIA is a large population-based study with ample sample size in 2 racial groups. It is unique in that the participants were recruited at a relatively young age, allowing for the evaluation of risk factors at the earliest stages of atherosclerosis, and it has had routine follow-up exams, approximately every 5 years. The study also has limitations. Concentrations of sICAM-1 were measured only during the year-15 examination, thus limiting our ability to assess the importance of associations in those younger than the minimum age at year 15 (33 years) and the effect of changes in sICAM concentration on subclinical disease.
In conclusion, these data extend our understanding by showing that moderate and higher sICAM-1 concentrations were significantly associated with common carotid artery IMT when a known atherosclerotic process was observed elsewhere in a participant, whereas individuals with the highest concentrations of sICAM-1 had increased occurrence of both carotid artery stenosis and CAC, independent of traditional risk factors in a relatively young, healthy population. In individuals without evidence of advanced atherosclerotic plaque, however, no relation was present between sICAM-1 and common carotid artery IMT. These results suggest that sICAM-1 concentrations may be an early biomarker that indicates disturbance of the endothelium and the presence of advanced plaque in the coronary and carotid arteries even in young adults with low total burden of atherosclerosis, and decades before the development of clinical CVD.
